Phosphoinositolglycan molecules isolated from insulinsensitive mammalian tissues have been demonstrated in numerous in vitro studies to exert partial insulin-mimetic activity on glucose and lipid metabolism in insulinsensitive cells. However, their ill-defined structures, heterogeneous nature, and limited availability have prohibited the analysis of the underlying molecular mechanism. Phosphoinositolglycan-peptide (PIG-P) of defined and homogeneous structure prepared in large scale from the core glycan of a glycosyl-phosphatidylinositol-anchored membrane protein from Saccharomyces cerevisiae has recently been shown to stimulate glucose transport as well as a number of glucose-metabolizing enzymes and pathways to up to 90% (at 2 to 10 ,um) of the maximal insulin effect in isolated rat adipocytes, cardiomyocytes, and diaphragms (G. Muller et al., 1997, Endocrinology 138: 3459-3476). Consequently, we used this PIG-P for the present study in which we compare its intracellular signaling with that of insulin. The activation of glucose transport by both PIG-P and insulin in isolated rat adipocytes and diaphragms was found to require stimulation of phosphatidylinositol (PI) 3-kinase but to be independent of functional p7oS6kinase and mitogenactivated protein kinase. The increase in glycerol-3-phosphate acyltransferase activity in rat adipocytes in response to PIG-P and insulin was dependent on both PI 3-kinase and p7OS6kinase. This suggests that the signaling pathways for PIG-P and insulin to glucose transport and metabolism converge at the level of PI 3-kinase. A component of the PIG-P signaling pathway located upstream of PI 3-kinase was identified by desensitization of isolated rat adipocytes for PIG-P action by combined treatment with trypsin and NaCl under conditions that preserved cell viability and the insulin-mimetic activity of sodium vanadate but completely blunted the insulin response. Incubation of the cells with either trypsin or NaCl alone was ineffective. The desensitized adipocytes were reconstituted for stimulation of lipogenesis by PIG-P by addition of the concentrated trypsin/salt extract. The reconstituted adipocytes exhibited 65-75% of the maximal PIG-P response and similar ECQO values for PIG-P (2 to 5 ,tm) compared with control cells. A proteinaceous N-ethylmaleimide (NEM)-sensitive component contained in the trypsin/salt extract was demonstrated to bind in a functional manner to the adipocyte plasma membrane of desensitized adipocytes via bipolar interactions. An excess of trypsin/salt extract inhibited PIG-P action in untreated adipocytes in a competitive fashion compatible with a receptor function for PIG-P of this protein. The presence of the putative PIG-P receptor protein in detergent-insoluble complexes prepared from isolated rat adipocytes suggests that caveolae/detergentinsoluble complexes of the plasma membrane may play a role in insulin-mimetic signaling by PIG-P. Furthermore, treatment of isolated rat diaphragms and adipocytes with PIG-P as well as with other agents exerting partially insulin-mimetic activity, such as PI-specific phospholipase C (PLC) and the sulfonylurea glimepiride, triggered tyrosine phosphorylation of the caveolar marker protein caveolin, which was apparently correlated with stimulation of lipogenesis. Strikingly, in adipocytes subjected to combined trypsin/salt treatment, PIG-P, PI-specific PLC, and glimepiride failed completely to provoke insulin-mimetic effects. A working model is presented for a signaling pathway in insulin-sensitive cells used by PIG(-P) molecules which involves GPI structures, the trypsin/salt-and NEM-sensitive receptor protein for PIG-P, and additional proteins located in caveolae/detergent-insoluble complexes. 300
Introduction
Two pathways within the insulin-signaling network have been dissected and are thought to mediate different biological functions of the hormone (for reviews see refs. [1] [2] [3] [4] . The first is activation of phosphatidylinositol 3 (PI 3) -kinase, which plays a pivotal role in stimulation of glucose transport by insulin and in the regulation of cellular trafficking (5, 6 ; for a review see ref. 7) . The second pathway is formation of the ShcGrb2 complex, which leads to activation of the Ras/mitogen-activated protein kinase (MAPK) pathway. This latter pathway has been linked to insulin regulation of both cell growth and gene expression (8; for a review see ref. 9) , although this linkage has been questioned recently. Many studies in vitro have demonstrated that insulin signaling and consequently, these two basic pathways can be modulated in a positive and negative fashion by a variety of factors (for reviews see refs. 1,10,1 1), including proteins (e.g., angiotensin II, growth hormone, leptin, PC-1, Rad, tumor necrosis factor-alpha [TNF-a] ) and small molecules (e.g., catecholamines). Soluble phosphoinositolglycan (PIG) molecules that have been shown to exert partial insulin-mimetic effects in diverse cellular and subcellular systems (for reviews see refs. 12, 13) can also be classified in the latter category. Initially, this material was thought to be of a peptidic nature (for a review see ref. 14) . However, subsequent analysis revealed that it can be generated from a lipidic precursor structure (15) as the polar headgroup consisting of phosphoinositolglycan (16, 17) , which may harbor chiroinositol (18) . Whereas the detailed structure of the insulin-sensitive PIG molecules with putative mediator function is still in dispute, a minimal consensus on the composition of PIG compounds (based in particular on analytic and metabolic labeling studies as well as on chemical and enzymatic modifications) has developed. They appear to consist of a core structure of phosphorylated myo/chiro-inositol that is glycosidically linked to nonacetylated hexosamine which in turn is coupled to an oligosaccharide of varying composition, often containing mannose and galactose residues (for reviews see refs. 12, 13) . Thus, PIG molecules resemble the polar core glycan head groups of both free glycosylphosphatidylinositol (GPI) lipids and GPI membrane anchors of so-called GPI-anchored proteins, which are embedded in the plasma membrane by a covalently bound glycolipid (for reviews see refs. [19] [20] [21] [22] . The PIG portion of GPI anchors consists of phosphoinositol, nonacetylated glucosamine, and an oligosaccharide that in all GPI-anchored proteins investigated so far, from yeast and parasites to humans, consists of three mannose residues linked in a characteristic glycosidic manner (Fig. 1) . Unfortunately, despite extensive efforts, the detailed structure of a PIG molecule from insulin-sensitive tissues exhibiting insulin-mimetic activity has not been elucidated. Therefore, the only source of a sufficient quantity of PIG molecules of defined structure is the core glycans of GPI-anchored proteins.
We prepared PIG molecules of defined structure as phosphoinositolglycan-peptide (PIG-P) derived from the GPI-anchored protein Gcelp of the yeast Saccharomyces cerevisiae (23) using sequential lipolytic and proteolytic digestion (24) . Interestingly, isolated rat and cultured 3T3-L1 adipocytes contain a similar GPI-anchored protein with respect to size and the ability to bind cAMP-Gcel-which is susceptible to lipolytic cleavage in response to insulin and the sulfonylurea glimepiride (25) (26) (27) . So far, the pysiological relevance of activation of the relevant phospholipase C (PLC) remains unclear, but it has been implicated with metabolic signaling (see Discussion) . The PIG-P from yeast Gcelp can be obtained in considerable amounts using large-scale fermentation technology. The preparation protocol includes the isolation and purification of Gce 1 p and sequential generation of GPI peptides by digestion with V8 protease from Staphylococcus aureus and of PIG peptides by treatment with PI-specific PLC from Bacillus cereus (see Fig. IA , [24] ), followed by purification to radiochemical and chemical homogeneity. The structure of the PIG-P is completely defined and consists of the typical PIG structure that is identical to that of mammalian and yeast GPI-anchored proteins. The PIG-P is coupled via a phosphoethanolamine bridge and an amide linkage to the tripeptide H-Tyr-Cys-Asn, derived from the carboxy terminus of Gcelp (see Fig. 1B ). This molecule can be specifically degraded by chemical means, such as dephosphorylation with aqueous hydrogen fluoride or deamination of the nonacetylated glucosamine with nitrous acid, or enzymatically, using pronase (see Fig. LA ,um with EC50 values in the range of 0.3 to 0.5 ,tm (24) .
A large body of evidence suggests, but does not prove, the involvement of GPI structures, GPI cleavage, or PIG molecules in metabolic insulin signaling. First, the partial insulin-mimetic metabolic activity of PIG molecules was inhibited by anti-PIG antibodies in cultured myocytes (29) . Second, insulin stimulation of glycogen synthesis was abolished in mutant erythroleukemia cells with defective GPI synthesis (30) . Third, PIG molecules exerted acute hypoglycemic activity in normal and streptozotocin diabetic rats (31 patients with non-insulin-dependent diabetes mellitus (NIDDM) (32, 33) . Finally, rat adipocytes made insulin resistant in vitro were impaired in insulin activation of the GPI-specific PLC (26) . The partial insulin-mimetic activity of PIG structures in cellular and cell-free assay systems (34-43; for reviews see refs. 13, 44, 45) in combination with the possibility of the generation of PIG molecules from GPI structures (25, 26, 46, 47) prompted Cuatrecasas et al. about 10 years ago to assign PIG molecules a function as soluble mediators of metabolic insulin action (19, (48) (49) (50) . According to this hypothesis (Fig. 2) , PIG molecules are generated in response to insulin through lipolytic cleavage of free GPI lipids (Fig. 2, left) and/or GPI-anchored proteins (Fig. 2, right) by a PLC at the extracellular face of the plasma membrane of insulin-sensitive cells and are then transported into the cytosol, where they directly affect key metabolic enzymes and/or their regulatory proteins in an allosteric fashion.
An alternative model for the molecular mode of PIG action in insulin-sensitive cells is based on the putative function of caveolae as signaling compartments. It is interesting to note that in many cell types, including insulin-sensitive ones, a variety of GPI-anchored proteins, such as Thy-1 in lymphocytes and T cells (51, 52) , and the bulk of GPI lipids are concentrated within so-called caveolae. Caveolae are small bulb-or flask-shaped invaginations or subcompartments/microdomains of the plasma membrane found in most cell types, but they are highly abundant in fibroblasts, adipocytes (20% of the total plasma membrane surface area), endothelial cells, epithelial cells, and smooth and skeletal muscle cells (for reviews see refs. 53, 54) . They are coated at the cytosolic face with the 21 -kD membrane protein caveolin (55) . The formation of caveolae may be promoted by the capacity of caveolin to form homo-oligomers by self-association (for a review see ref. 56 ). Caveolae are thought to be involved in various cellular transport processes (transcytosis, potocytosis, endocytosis, cholesterol flux; for reviews see refs. 53, 54) and in transmembrane signal transduction events ("caveolae signaling hypothesis"; 57, 58) . In addition to the "marker, coat or scaffolding" proteins, caveolin (three different tissuespecific isoforms have been identified so far) and the recently discovered flotillin (59) , caveolae harbor a number of lipid-modified signaling molecules, such as small and heterotrimeric G proteins as well as nonreceptor tyrosine kinases of the Src family (for a review see ref. 60 ). The dual acylated version of these kinases partitions into the inner leaflet of the plasma membrane corresponding to the area of caveolae forming socalled detergent-insoluble complexes, which resist solubilization by 1 % Triton X-100 in the cold (61, 62) . The close association with GPI-anchored proteins, caveolin, glycosphingolipids, glycolipids, and cholesterol enables the recovery of Src kinases together with these components in detergent-insoluble complexes (61-64; for a review see ref. 65 ). These possibly represent the biochemical equivalent of caveolar structures, but this remains a matter of controversy.
In any case, the following lines of evidence hint at a role of caveolin, caveolae, and detergent-insoluble complexes in mediating or modulating signaling events by insulin, PIG and GPI molecules. (1) Caveolae are present in high numbers in insulin-sensitive cells (e.g., skeletal muscle cells [66] ). (2) The expression level of caveolin directly correlates with the morphological appearance of caveolae during differentiation of 3T3-L1 fibroblasts into adipocytes, which is accompanied by a gain of insulin sensitivity (55, 67) . (3) GLUT4 is associated with caveolin-rich vesicles in 3T3-L1 adipocytes (67) . (4) GPI lipids are found to be localized in specific plasma membrane structures, referred to as caveolae in 3T3-LI adipocytes (68) . (5) (7) Insulin, but not epidermal growth factor (EGF) or platelet-derived growth factor (PDGF) stimulates tyrosine phosphorylation of caveolin in 3T3-L1 adipocytes (72) .
However, both the "mediator" as well as the "caveolae" model for insulin-mimetic PIG action has remained speculation as essentially no data are presently available concerning the molecular targets and signaling events triggered by PIG molecules. Such an analysis has been hampered by the limited amounts, heterogeneous nature, ill-defined structure, and concentration of the PIG preparations available thus far. We therefore used the structurally defined PIG-P from yeast Gcelp to study the molecular mechanism of PIG action in insulin-sensitive cells and to attempt a differentiation between the two proposed models.
Materials and Methods
Materials PIG-P was prepared from the core glycan of Gcelp from S. cerevisiae, purified to radiochemical and chemical homogeneity, and quantitated as described previously (24) . The [35 S Jmethionine Isolated rat adipocytes (2 X 107 cells) were suspended in 40 ml of Dulbecco's minimal essential medium (DMEM) containing 10 mM glucose and 2 % BSA and depleted of methionine in 400-ml plastic containers. They were then incubated (1 hr, 37°C) in the presence of 10 nM insulin prior to addition of 100 #LCi L-e 5 S]methionine (Amersham-Buchler, Braunschweig, Germany, 1000 Ci/mmol). After further incubation for 2 hr under mild shaking, the adipocytes were separated from the medium by flotation and then resuspended in 10 ml of KRP-Hepes containing 5 mM glucose for preparation of trypsin/salt extract.
Metabolic Labeling of Adipocytes with

Preparation of Detergent-Insoluble Complexes
FROM DIAPHRAGMS. Six rat hemidiaphragms were homogenized in 25 ml of ice-cold 25 mM Hepes/potassium hydroxide (KOH) (pH 7.4),250 mM sucrose, 4 mM EDTA, 30 mM sodium pyrophosphate, 50 mM NaF, 1 mM Na 3 Y0 4 , 0.2 mM PMSF, 25 mM benzamidine, 2 #Lm leupeptin, 5 #Lm pepstatin, and 2.5 trypsin inhibitory unit/ milliliter aprotinin by using a Polytron (setting 6, 2 X 30 sec) and subsequently a Teflon-in-glass homogenizer (15 strokes, 1500 rpm, 4°C). The homogenates were centrifuged (5000 X g, 20 min, 4°C). The supernatants were adjusted to 0.8 M KCl, incubated (30 min, 4°C), and then centrifuged (200,000 X g, 90 min, 4°C). The total membrane pellet was suspended in 2 ml of 0.1 M Tris/HCI (pH 6.5), 150 mM NaCl, 1 % TX-100, 30 mM sodium pyrophosphate, 50 mM NaF, 1 mM Na 3 Y0 4 , 1 mM PMSF, 2 #Lm leupeptin, and 5 #Lm pepstatin and repeatedly passed through a 25-gauge needle. The extract was adjusted to 40% sucrose by addition of 2 ml of 80% sucrose in the same buffer.
FROM ADIPOCYTES. A portion of 3.5 X 10 6 cells was washed three times with phosphate-buffered saline (PBS), suspended in 3 ml of 25 mM Mes/KOH (pH 6.5), 150 mM NaCl, 1 % TX-100, 30 mM sodium pyrophosphate, 50 mM NaF, 1 mM Na 3 Y0 4 , 1 mM PMSF, 2 #Lm leupeptin, and 5 #Lm pepstatin and then homogenized in a Teflon-in-glass homogenizer (10 strokes, 500 rpm, 4°C). After centrifugation (500 X g, 1 min), 2 ml of infranatant consisting of total fat-free extract was adjusted to 40% sucrose by addition of 2 ml of 80% sucrose in the same buffer. The diaphragm and adipocyte extracts were placed at the bottom of an ultracentrifuge tube and then overlaid with 8 ml of a linear 5-30% sucrose gradient (in 0.1 M Tris/HCl, pH 6.5, 1 mM Na3VO4, 1 mM PMSF, 2 gm leupeptin, and 5 ,gm pepstatin) lacking TX-100. The gradients were centrifuged (Beckman SW41 rotor, 39,000 rpm, 16 hr, 4°C). Detergent-insoluble complexes, which fractionated as a sharp, light-scattering band at a density of 15-20% sucrose (77, 78) , were diluted with five volumes of 0.1 M Tris/HCl (pH 6.5), 1 mM Na3VO4, 50 mM NaF, 30 mM sodium pyrophosphate, 1 mM PMSF, 2 ,um leupeptin, and 5 ,um pepstatin and collected by centrifugation (250,000 x g, 1 hr, 4°C).
Tyrosine Phosphorylation of Caveolin
The collected detergent-insoluble complexes were solubilized in 1 ml of TEST buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, and 1% TX-100) or 1 ml of 20mM Tris/HCl (pH 8.0), 150 mM NaCl, 1% TX-100, 60 mM octylglucoside, 1 mM Na3VO4, 20 ,tg/ml aprotinin, and 10 ,ug/ml leupeptin (1 hr, 4°C). The supernatant of a subsequent centrifugation (15,000 X g, 10 min, 40C) was precleared with protein A-Sepharose and then immunoprecipitated with 5 ,l (10 ,g) of rabbit anti-caveolin antibodies (that recognize the rat caveolin 1 epitope consisting of residues 38-49; Transduction Laboratories, Lexington, KY). Following incubation (4 hr, 4°C) and addition of 100 ,lI of protein A-Sepharose (50 mg/ml) and further incubation (16 hr, 40C), the immunocomplexes were collected by centrifugation (1 5,000 X g, 2 min, 4°C), washed twice with TEST buffer, and three times with TEST buffer lacking TX-100, dissolved in 50 pAl of 2-fold Laemmli sample buffer containing 8 M urea and lacking mercaptoethanol (5 min, 950C), and finally separated by reducing SDS-PAGE (8.5% resolving gel). Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Schleicher & Schull, Dassel, Germany) in buffer consisting of 20% methanol, 200 mM glycine, and 25 mM Tris/HCl (pH 8.3). Following transfer (the efficiency of which was confirmed by Coomassie blue staining of the gel after the electroblot), the filters were blocked with 5% nonfat dry milk, 0.1% Tween 20, and 0.02% sodium azide in PBS for 1 hr at 370C and then incubated with monoclonal antiphosphotyrosine antibody 4G10 (at a dilution of 1:500 to 1:1000; Upstate Biotechnologies, Lake Placid, NY). Visualization of the immune complexes was performed using ['25I]protein A (3000 Ci/mmol, Amersham-Buchler, Braunschweig, Germany). The radiolabeled blots were evaluated by phosphorimaging (Molecular Dynamics, Storm 840, Gelsenkirchen, Germany) and Molecular Analyst Version 2.1.1 software (Bio-Rad, Munich, Germany). The amounts of the 21 -kD and 24-kD forms of caveolin (presumably differing in the codon used for initiation of translation [72] ) were added up.
Protease and Salt Treatment of Rat Adipocytes
Ten milliliters of adipocyte suspension (3.5 x 105 cells/ml) in KRP-Hepes containing 5 mM glucose was supplemented with an appropriate volume of a trypsin stock solution (10 mg/ml) to the desired concentration and incubated (20 min, 30°C) in 50-ml Falcon tubes under rotation. After addition of a 4-fold volume of trypsin inhibitor stock solution (10 mg/ml) and 10 ml of KRP-Hepes containing or lacking (control) 1 M NaCl and further incubation (10 min, 22°C), the cells were centrifuged (1500 X g, 5 min, swingout rotor). For washing of the cells, the infranatant was removed and the remaining cell suspension (about 1 ml) was supplemented with 50 ml of KRP-Hepes, gently mixed, and then centrifuged again (500 X g, 1 min, swing-out rotor). After two additional washing steps, the final cell suspension was adjusted to 10 ml of KRP-Hepes containing 50 ,um glucose and 1 mM sodium pyruvate. Portions of 0.2 ml were used for the lipogenesis assay. Control cells (no treatment with trypsin) received water instead of trypsin and were subjected to the same centrifugation and washing procedures as the trypsin-treated cells.
Preparation, Pretreatment, and Radiolabeling with N-ethylmaleimide (NEM) of the Trypsin/Salt Extract For preparation of the extract from intact adipocytes, 25 ml of adipocyte suspension (2.5 X 106 cells/ml) in KRP-Hepes containing 5 mM glucose was incubated (20 min, 22°C) with up to 500 [lI of trypsin stock solution (10 mg/ml) or water in 50-ml Falcon tubes under rotation. After addition of up to 2 ml of trypsin inhibitor (10 mg/ml), 1 mM PMSF, 2 5 mM benzamidine, 2 ,um leupeptin, 5 ,um pepstatin, and 10 ,g/ml antipain or water and 27.5 ml of 1 M NaCl in KRP-Hepes, the cells were centrifuged (1500 X g, 5 min, swing-out rotor). The infranatant was removed, dialyzed for 16 hr against 4 X 500 ml of ice-cold HEG buffer (25 mM Hepes/KOH, pH 7.4, 1 mM EDTA, 5% glycerol, 0.2 mM PMSF) and then supplemented with the same volume of icecold 25% polyethylene glycol (PEG) 6000 in the same buffer. After incubation (2 hr, 40C), the precipitates were collected by centrifugation (48,000 X g, 30 min, 4°C), washed twice with 6% polyethylene glycol 6000, and then frozen and stored in liquid nitrogen until use. For the reconstitution experiments, the precipitates (corresponding to 4000 arbitrary units) were dissolved in 4 ml or 400 ,ul (10-fold concentrated) of HEN buffer (25 mM Hepes/KOH, pH 7.4, 1 mM EDTA, 1 M NaCl). Control extracts were prepared by treatment of the adipocytes with trypsin alone (addition of water instead of NaCl), or NaCl alone (addition of water instead of trypsin), or V8 protease (250 jig/ml final concentration) in the presence of NaCl with subsequent procedures performed as described for the trypsin/salt extract.
For preparation of the trypsin/salt extract from detergent-insoluble complexes, 1-mg portions of detergent-insoluble complexes (prepared as described above) were suspended in 2.5 ml of 20 mM Tris/HCl (pH 8.0), 0.5 mM EDTA, and 0.1% TX-100 and incubated (30 min, 15°C) in the presence of 60 ,ug/ml trypsin. After addition of 200 ,ul of trypsin inhibitor stock solution (see above) and 2.7 ml of NaCl in 20 mM Tris/HCl (pH 8.0), omitted for preparation of trypsin extract alone, the complexes were centrifuged (200,000 x g, 75 min, 4°C). The supernatant was dialyzed for 16 hr against 2 X 100 ml of ice-cold HEG buffer, then supplemented with the same volume of 25% PEG 6000 and further processed as described above. For reconstitution experiments, the precipitates (corresponding to 1000 arbitrary units) were dissolved in 1 ml or 100 ,ul (10-fold concentrated) of HEN buffer.
For pretreatment of the trypsin/salt extract, 200-,l portions of extract were heated (15 Tyrosine phosphorylation of IRS-1 by the activated insulin receptor kinase has been recognized to represent an early step of insulin signaling. We therefore previously investigated whether this segment of the insulin signaling cascade is modified by PIG-P and if additional phosphoproteins might be affected using isolated rat cardiomyocytes (80) . These studies demonstrated that PIG-P stimulates tyrosine phosphorylation of IRS-I and activates PI 3-kinase in a rapid and reversible manner to up to 60% of the maximal insulin activity. However, unlike the situation with insulin, PIG-P action did not depend on the functional insulin receptor and failed to induce its tyrosine phosphorylation.
To determine whether the activation of PI 3-kinase by PIG-P is indeed functionally linked to glucose transport activation by the compound, we used the specific PI 3-kinase inhibitor, LY294002 (81) . Isolated rat diaphragms (Fig. 3A) or adipocytes (Fig. 3B) were incubated with increasing concentrations of LY294002 for 5 min before addition of insulin or PIG-P. After a 15-min incubation, glucose uptake was assayed. In diaphragms and adipocytes, LY294002 produced a concentration-dependent inhibition of glucose transport activation by both PIG-P and insulin with comparable IC50 values. Basal transport was hardly affected. In contrast, essentially no inhibition of PIG-P and insulin-stimulated glucose transport in diaphragms (data not shown) and adipocytes ( Fig. 4A ) was found after blockade of the p70S6kinase by the inhibitor rapamycin (82) and blockade of the MAPK kinase by the inhibitor PD098059 (83) (Fig. 4B) .
Next we studied whether the activation of the key metabolic enzyme of lipid synthesis, GPAT, by PIG-P in adipocytes involves the stimulation of PI 3-kinase, p70S6kinase, or MAPK kinase. Isolated rat adipocytes were incubated with increasing concentrations of the corresponding inhibitors, LY249002, rapamycin, and PD098059, respectively, for 5 min prior to addition of PIG-P (5 gm final concentration). After further incubation for 15 Concentrations up to 120 ,ug/ml trypsin did not significantly affect the stimulation of lipogenesis by either PIG-P (5 ,um) or sodium vanadate (1 mM) (Fig. 6A) . At higher concentrations, the insulin-mimetic activity of both compounds was drastically reduced with comparable dependence on the trypsin concentration. Thus, no differentiation between the actions of PIG-P and sodium vanadate was achieved by trypsin treatment of the adipocyte surface alone. The decrease in sensitivity of the cells toward both PIG-P and sodium vanadate at higher concentrations of trypsin is best explained by a general loss of cell viability. Next, the adipocytes were washed with 0.5 M NaCl following trypsin digestion prior to the lipogenesis assay. Now a clearcut differentiation between the PIG-P and vanadate actions was observed (Fig. 6B) . At 120 jig/ml trypsin, stimulation of lipogenesis by PIG-P was reduced to <10% of that obtained with mock-treated control cells. In contrast, this trypsin concentration did not significantly impair the insulin-mimetic activity of sodium vanadate. Obviously, the combination of trypsin and salt treatment, but not either treatment alone, of intact adipocytes led to inactivation of a component at the extracellular face of the plasma membrane, which is required for PIG-P but dispensable for vanadate action.
This was confirmed by studying the concentration-response curves of PIG-P for stimulation of lipogenesis in adipocytes that had been subjected to a combined trypsin/salt treatment (Fig. 7A) . Very similar curves were obtained for cells treated with trypsin (100 ,.g/ml) alone, salt (0.5 M NaCl) alone, and mock-treated adipocytes (data not shown). This trypsin treatment, however, led to complete desensitization of the cells toward insulin action, presumably caused by cleavage of the insulin receptor (data not shown, see also ref. 24 ). In contrast, washing of the trypsin-treated adipocytes with 0.5 M NaCl caused a reduction in both the maximal responsiveness for PIG-P (measured at 20 ,um) and sensitivity toward PIG-P (measured as EC50 value), the degree of which was dependent on the trypsin concentration used (Fig. 7A) . At 100 ,ug/ml trypsin, 20 ,um PIG-P almost completely failed to stimulate lipogenesis in salt-washed adipocytes. The dependence of the efficiency of the combined trypsin/salt treatment on the concentration of NaCl used for washing of the trypsinized adipocytes is demonstrated in Figure 7B . Half-maximal and complete inhibition of PIG-P-stimulated lipogenesis was achieved with about 250 mM and 750 mM NaCl, respectively (Fig. 7B, circles) . Treatment of the adipocytes with NaCl alone over the total concentration range did not lead to an increase in basal lipogenesis (Fig. 7B, filled squares) or a decrease in PIG-P-stimulated lipogenesis (Fig. 7B, open squares) . Thus the washing of the cells prior to lipogenesis seems to be quite efficient in reducing the salt concentration from 1 M at maximum below values deleterious for basal or activated lipogenesis. At these concentrations of NaCl and at 100 ,ug/ml trypsin during the incubation period, the viability of the cells was not significantly impaired, as judged from the release of lactate dehydrogenase and the stimulation of lipogenesis by sodium vanadate (data not shown). The curious requirement of both proteolytic cleavage and high ionic strength for To substantiate this hypothesis and to obtain a functional assay for purification of this component putatively contained in the trypsin/salt extract, we tried to restore the sensitivity of trypsin/salt-treated adipocytes, i.e., desensitized adipocytes, toward PIG-P action by the addition of trypsin/salt extract to these cells. The proteins constituting the trypsin/salt extract were dia- Fig. 8 . Effect of the addition of trypsin/salt extract to trypsin/salt-treated adipocytes on stimulation of lipogenesis by PIG-P. Isolated rat adipocytes were treated (20 min, 22°C) with 100 Ag/ml trypsin and subsequently with 0.5 M NaCl.
The washed cells were supplemented with increasing volumes of trypsin/salt extract, trypsin extract, salt extract, or boiled trypsin/salt extract (prepared as described in Materials and Methods) and then diluted 10-fold or adjusted to 0.7 M NaCl. After further incubation (1 hr, 220C), the cells were washed three times by flotation, incubated in the absence (basal) or presence of PIG-P (10 pm) and then assayed for lipogenesis. Each point represents the mean ± SD of three adipocyte preparations and reconstitution reactions, with lipogenesis measurements in quadruplicate.
lyzed, precipitated, and dissolved in a buffer containing 1 M NaCl prior to addition to isolated adipocytes, which had been inactivated for PIG-P action by pretreatment with 100 ,ug/ml trypsin and subsequent salt wash. The reconstitution reaction was initiated by a 10-fold dilution of the mixture and further incubation. The adipocytes were separated from the incubation medium by three flotation cycles and finally assayed for stimulation of lipogenesis by PIG-P (Fig. 8) . The addition of increasing volumes of trypsin/salt extract to the trypsin/salt-treated adipocytes caused restoration of PIG-P-stimulated lipogenesis, i.e., the formerly desensitized adipocytes regained sensitivity toward PIG-P. Control extracts prepared by trypsin or salt treatment alone or boiled trypsin/salt extract completely failed to reconstitute PIG-P action, as was the case for the presence of 0.7 M NaCl during the reconstitution reaction.
The concentration-response curves for activation of lipogenesis by PIG-P using reconstituted adipocytes revealed that these cells exhibit 65-75% of the response compared with that of mock-treated control cells with very similar EC50 values of 2 to 5 ,um (Fig. 9A) . In addition to the To exclude the possibility that NaCl remaining in the trypsin/salt extract, despite extensive dialysis, may cause some stimulation of lipogenesis in pretreated or reconstituted adipocytes, cells were incubated with 100 jig/ml trypsin and 0.5 M NaCl, washed, subsequently reconstituted with trypsin/salt extract, and then assayed for basal and PIG-P-stimulated glucose transport in the presence of increasing concentrations of NaCl (Fig. 9B) . Treatment of the cells with NaCl caused a maximal 2-fold activation of glucose transport only-between 15 and 40 mM NaCl in reconstituted adipocytes (Fig. 9B, open squares) and between 25 and 75 mM NaCl in pretreated cells (Fig. 9B, circles) . This stimulation was far below glucose transport activation provoked by PIG-P in reconstituted adipocytes (Fig. 9B, filled  squares) . The PIG-P-stimulated glucose transport was impaired in the presence of NaCl during the transport assay in a concentration-dependent fashion, with half-maximal inhibition at 200 mM and significant interference starting at 75 mM (Fig. 9B, filled squares) . This may be due to blockade of the reassociation of the putative trypsin/salt-sensitive component with the adipocyte cell surface (see above) in combination with loss of cell viability. Apparently, these amounts of salt were not introduced by the addition of the trypsin/salt extract. In conclusion, limited amounts of NaCl possibly contained in the trypsin/salt extract cannot explain the PIG-P-induced insulin-mimetic activity in reconstituted adipocytes.
Trypsin/Salt Extract Harbors a Binding Protein for PIG-P We first studied the nature of the component contained in the trypsin/salt extract and that was responsible for the reconstitution. Replacement of trypsin for V8 protease from S. aureus for preparation of the extract or treatment of the trypsin/ salt extract with heat, proteinase K, or NEM prior to the reconstitution assay generated extracts that were completely inefficient in causing reconstitution of trypsin/salt-treated adipocytes for stimulation of lipogenesis by PIG-P (Fig. 10) . These data, together with the nondialyzable character of the reconstitution activity using a membrane of 10 kD exclusion size (Fig. 10) (Fig. 1 1) . The approximately 60/ miax-
was coim/pletely overcoent by 1 p.Iml PIG-Pt whicth points to a specific an/dcom(/-p5etitive interaction between PIG-P and the coml- Caveolar structures and detergent-insoluble complexes have been attributed a role in insulinmimetic signaling by PIG structures (see Introduction). Consequently, we investigated whether the trypsin/salt-and NEM-sensitive binding protein required for PIG-P action is a component of detergent-insoluble complexes and caveolae. A trypsin/salt extract was prepared from detergent-insoluble complexes of isolated rat adipocytes using a protocol adapted from the trypsin/salt treatment of intact adipocytes (see Materials and Methods) and then assayed for reconstitution and inhibition of PIG-P activity in trypsin/salt-treated and normal adipocytes, respectively (Fig. 12) , as performed for extract isolated from intact adipocytes.
Addition of increasing amounts of trypsin/ salt extract prepared from detergent-insoluble complexes to trypsin/salt-treated adipocytes and subsequent reconstitution led to restoration of glucose transport activation by PIG-P (10 ,tm) to up to 60% of the maximal value obtained with untreated adipocytes (Fig. 12, squares) . Conversely, the presence of this extract during incubation of untreated adipocytes with PIG-P (2.5 ,um) inhibited in a concentration-dependent manner the glucose transport activation by up to 75% (Fig. 12, circles) . Both the inhibition of PIG-P activity in untreated adipocytes as well as the reconstitution of PIG-P activity in pretreated adipocytes was completely abrogated by pretreatment of the trypsin/salt extract from detergent-insoluble complexes with NEM (Fig. 12 , asterisks, exes) and V8 protease (data not shown). Extract prepared from detergent-insoluble complexes by treatment with 100 jig/ml trypsin (Fig. 12, diamonds and triangles) or 0.5 M NaCl (data not shown) alone failed to. exert activity in both assays. Taken together, these data suggest, but do not prove, that the proteinaceous components required for PIG-P activity that are released into the trypsin/salt extract of intact adipocytes and detergent-insoluble complexes are identical. Furthermore, they raise the possibility that the binding protein for PIG-P is located in certain areas of the adipocyte plasma membrane that correspond to detergent-insoluble complexes.
As a first characterization of the trypsin/saltand NEM-sensitive component, the polypeptides released by trypsin and/or salt treatment from intact adipocytes were separated by SDS-PAGE (Fig. 13) . For visualization of total proteins, the extracts were prepared from intact adipocytes that had been metabolically labeled with Effect of the addition of trypsin/salt extract prepared from detergent-insoluble complexes on the stimulation of glucose transport by PIG-P in reconstituted and untreated adipocytes. Isolated rat adipocytes, which had been treated with 100 ,ug/ml trypsin and 0.5 M NaCl (squares, triangles, exes) or left untreated (circles, diamonds, asterisks) were supplemented with the indicated amounts of normal or 10-fold concentrated trypsin/salt extract (squares, circles) or NEM-treated trypsin/salt extract (triangles, diamonds) or trypsin extract (exes, asterisks), which had been prepared from detergent-insoluble complexes as described in Materials and Methods. The pretreated adipocytes, which had been reconstituted and washed twice by flotation (squares, triangles, exes), as well as the untreated cells (circles, diamonds, asterisks) were incubated with 2.5 ,um PIG-P (20 min, 37°C) and subsequently assayed for glucose transport. Each point represents the mean ± SD of four different reconstitutions or incubations using different adipocyte preparations, with extract prepared in triplicate and transport measurements in quadruplicate. The stimulation of glucose uptake was calculated as the difference between the presence and absence of 2.5 ,um PIG-P in normal adipocytes and set at 100%, which corresponded to 58 ± 11% of the maximal PIG-P action (at 5 ,um) and 43 ± 8% of the maximal insulin action (at 5 nM). Basal glucose uptake in normal adipocytes was set at 0%.
[35S]methionine (Fig. 13, lanes 1-3) Similar but less complex protein patterns were found when an analogous experiment was performed with trypsin and/or salt extracts from detergent-insoluble complexes of adipocytes (data not shown). Remarkably, a [35S]methionine-labeled 115-kD polypeptide was released from detergent-insoluble complexes of metabolically labeled cells upon trypsin/salt treatment. When this extract was subsequently incubated with [14C]NEM and separated by SDS-PAGE, a single band of 115 kD was found to harbor both the 14C-and 35S-radiolabels.
In further experiments, the conclusions drawn from the competition assay were confirmed; we succeeded in identifying a protein contained in the trypsin/salt extract of intact adipocytes or detergent-insoluble complexes that specifically binds a radiolabeled derivative of PIG-P with K(d values at 0.1 to 1 ,um using a gard to the number of adipocytes used for the pre- filtration assay in combination with PEG precipitation (data not shown). The partially purified binding protein behaved as a transmembrane protein during solubilization experiments. Limited trypsin treatment rendered the protein soluble without loss of its binding capacity. This protein fragment exhibited the intrinsic property for spontaneous reassociation with adipocyte plasma membranes or detergent-insoluble complexes under certain experimental conditions in vitro. Remarkably, the partially purified extract contained a 11 5-kD polypeptide amenable to modification with [14C]NEM.
PIG-P Induces Tyrosine Phosphorylation of Caveolin
The finding that a protein that apparently binds PIG-Ps and that is required for their insulinmimetic activity can be recovered with detergent-insoluble complexes of the plasma membrane points to a putative role of these structures in transmembrane signaling by PIG-P. Since in- Fig. 14. Effect of treatment of diaphragms and adipocytes with sulfonylureas, PLC, PIG-P, and insulin on tyrosine phosphorylation of caveolin. Isolated rat adipocytes (A) and hemidiaphragms (B) were incubated with increasing concentrations of PI-specific PLC from Bacillus cereus or PC-specific PLC from Chlostridium perfringens for 40 min at 30°C or glimepiride and tolbutamide for 2 hr at 37°C or PIG-P or insulin for 20 min at 37°C as indicated. Detergent-insoluble complexes were prepared from total fat-free extract of the adipocytes (A) or total membranes of the diaphragms (B), solubilized in TX-100/octylglucoside (as described in Materials and Methods), and subjected to immunoprecipitation with anti-caveolin antibodies under native conditions. The immunoprecipitates were separated by SDS-PAGE and immunoblotted with anti-phosphotyrosine antibodies. Caveolin phosphorylated at tysulin has been reported to trigger tyrosine phosphorylation of cave olin, a component of detergent-insoluble complexes (see Introduction), we studied the effect of several different agents with insulin-mimetic activity on caveolin phosphorylation. Isolated rat adipocytes (Fig. 14A ) and diaphragms (Fig. 14B) were incubated with increasing concentrations of the sulfonylurea drugs glimepiride and tolbutamide for 2 hr, or PI/PCspecific PLC for 40 min, or PIG-P or insulin for 20 min. Detergent-insoluble complexes were prepared from total cell extracts or membranes, respectively, by treatment with 1 % TX-IOO at 4°C and subsequent sucrose gradient density centrifugation. Caveolin was immunoprecipitated with r :---, anti-caveolin antibodies from the detergent-solubilized complexes and assayed for tyrosine phosphorylation by immunoblotting with antiphosphotyrosine antibodies.
As can be seen from the fluorogram (Fig. 14A, shown for adipocytes only) and the quantitative evaluation of the blot by phosphorimaging analysis ( Fig. 14B for diaphragms ; Table 1 for adipocytes), the amount of tyrosinephosphorylated cave olin increased in detergentinsoluble complexes from adipocytes and diaphragms that had been incubated with glimepiride (Fig. 14A, lanes 2-5; Fig. 14B, left section) or PI-specific PLC (Fig. 14A , lanes 6-9; pendent manner to up to 15-25% of the maximal insulin effect. Treatment of isolated rat adipocytes with both glimepiride and PI-specific PLC is known to induce a number of insulinmimetic actions, such as partial stimulation of glucose transport and lipogenesis (see Table 1 ; for reviews see refs. 87, 88) . The maximal response with glimepiride (obtained at 10 ,um) and its EC50 value for induction of tyrosine phosphorylation of caveolin recovered with detergent-insoluble complexes in the isolated diaphragm (Fig. 14B) and adipocytes (Fig. 14A , lanes 2-5; Table 1 ) corresponded well to the concentration-response relationship for the insulin-mimetic activity of this sulfonylurea of the third generation in isolated rat adipocytes (Table 1 ; see also refs. 87, 88) . In contrast, the sulfonylurea of the first generation, tolbutamide, or PC-specific PLC did not cause tyrosine phosphorylation of caveolin to a significant degree in both diaphragms (Fig. 14B) and adipocytes ( Fig. 14A ; Table 1 ), despite the use of 100-fold higher concentrations of tolbutamide than of glimepiride. Remarkably, both tolbutamide and PC-specific PLC completely failed to exhibit insulin-mimetic activity in isolated rat adipocytes (Table 1) . PIG-P provoked tyrosine phosphorylation of caveolin in a concentration-dependent fashion (Fig. 14A, lanes 10-13) , with half-maximal effects at concentrations (1-2 ,tm) that exhibit insulin-mimetic activity in adipocytes. The maximal increase in tyrosine-phosphorylated caveolin in response to PIG-P (10 utm) approached 80% of the maximal insulin effect (lanes [14] [15] [16] [17] , which corresponded well to the relative insulin-mimetic potency of PIG-P versus insulin. Preliminary data indicate that very low concentrations of PIG-P (to up to 0.3 ,um) and insulin (to up to 0.05 nM) synergistically increase tyrosine phosphorylation of caveolin in isolated rat adipocytes. In contrast, at concentrations that elicit about 25-50% of maximal caveolin phosphorylation and glucose transport (1-3 ,tm and 0.1-0.5 nM, respectively), PIG-P and insulin affect caveolin tyrosine phosphorylation in an additive fashion. Further experimentation is required to solve the problem of whether PIG-P and insulin use (in part) the same pathways for triggering tyrosine phosphorylation of caveolin.
In addition to the increments in the 21-and 24-kD forms of phosphorylated caveolin, treatment of adipocytes with glimepiride, PI-PLC, PIG-P, or insulin caused tyrosine phosphorylation of a 29-kD polypeptide in a concentrationdependent fashion (see Fig. 14A ). Apparently, this protein is a component of detergent-insoluble complexes and is associated but not identical with caveolin, as it was immunoprecipitated together with caveolin but failed to react with anticaveolin antibodies in the immunoblot (data not shown). The insulin-induced tyrosine phosphorylation of a 29-kD caveolin-associated protein has been described previously (72) , but its nature and function have yet to be established.
Interestingly, induction of tyrosine phosphorylation of caveolin required the functional trypsin/salt-sensitive component. In trypsin/ salt-treated adipocytes, the stimulation of both caveolin tyrosine phosphorylation and lipogenesis in response to treatment with PIG-P, PI-specific PLC, and glimepiride was drastically reduced, compared with that in control cells (Table 1) . Obviously, lipolytic cleavage of (G)PI structures, spontaneous partitioning of glimepiride molecules into detergent-insoluble complexes, which has been demonstrated recently for isolated rat adipocytes (88) , and the action of PIG-P on intact adipocytes share the involvement of the trypsin/salt-sensitive component of the adipocyte plasma membrane for induction of both tyrosine phosphorylation of caveolin and lipogenesis.
Discussion
The results presented here using known inhibitors of insulin action in isolated rat adipocytes and diaphragms suggest that the signaling pathways for PIG-P and insulin are convergent downstream of phosphorylation/activation of IRS-1/PI 3-kinase. Inhibition of PI 3-kinase completely prevented activation of glucose transport and GPAT by PIG-P, whereas blockade of p7OS6kinase interfered with PIG-P stimulation of GPAT only. Inhibition of MAPK kinase did not affect PIG-P action on glucose transport and GPAT. The same inhibition pattern in rat adipocytes and diaphragms is true for insulin. The insulin-mimetic activity of PIG-P required a cell surface component that can be released by a combined trypsin/salt treatment from either the membrane of intact adipocytes or detergent-insoluble complexes of adipocyte plasma membranes and manages to reassociate with the membrane in a functional manner. Trypsin/salttreated adipocytes reconstituted with the trypsin/salt extract regained their sensitivity toward PIG-P. Since the trypsin concentrations used also lead to cleavage of the insulin receptor 13-subunit, whose extracellular domain fails to undergo functional reassociation with the adipocyte plasma membrane in a manner analogous to that of the trypsin/salt-and NEM-sensitive component, the experimental protocol of inactivation and reconstitution cannot clarify the involvement of this component in insulin action.
However, excess of trypsin/salt extract added to normal adipocytes competitively inhibited PIG-P action, but not insulin action. The ability of the extract to inhibit or reconstitute the PIG-P activity in untreated and pretreated adipocytes, respectively, was blunted in parallel by several different procedures of pretreatment of the extract. These findings suggest that the NEM-sensitive protein, which restores the insulin-mimetic activity of PIG-P in trypsin/salt-treated adipocytes, functions as binding protein for PIG-P but is not engaged in insulin signaling. This interpretation is compatible with the recent observation that the phosphoprotein patterns generated in isolated rat cardiomyocytes in response to PIG-P and to insulin differ (80) , which suggests that there is a partial overlap of the signaling pathways for PIG-P and insulin only. However, at present, we cannot exclude the fact that the peptide moiety of the PIG-P, which may represent an important structural difference to authentic PIG structures, has some influence on the signaling properties. It is conceivable that the tripeptide forms (part of) the epitope recognized by the trypsin/salt-and NEM-sensitive binding protein. Furthermore, insulin may trigger the generation of a structurally (slightly) different PIG(-P) that binds to the trypsin/salt-and NEMsensitive component with considerably higher affinity than the PIG-P used in the present study. Consequently, the amount of extract used in the competition assay may not have been sufficient to sequester the authentic insulin-sensitive PIG. We are currently addressing the question of whether a peptide-less PIG molecule or structure variants derived from the PIG-P by pronase digestion (see Fig. IA The marked and rapid induction of tyrosine phosphorylation of IRS-1 and of phosphorylation of additional proteins in response to PIG-P (80) raises the question of which kinase(s) are involved. It has now been recognized that tyrosine phosphorylation of IRS-1 is not restricted to receptor tyrosine kinases, but it can also be mediated by the growth hormone receptor as well as certain cytokine and G protein-coupled receptors (91) (92) (93) (94) (95) (96) . It is speculated that these receptors directly or indirectly couple to the trypsin/salt-and NEM-sensitive component, thereby inducing tyrosine phosphorylation of IRS-1 through activation of the same acylated nonreceptor tyrosine kinase(s) as those used by the PIG-P. It may be of relevance in this respect that there seems to be a correlation between the ability of PIG-P to induce tyrosine phosphorylation of caveolin as well as of an unidentified 29-kD protein and its capability to exert insulin-mimetic activity in insulin-sensitive cells. This finding supports the involvement of caveolin (phosphorylation) in signal transduction through PIG-P molecules. Tyrosine phosphorylation of caveolin has also been observed after incubation in vitro of detergent-insoluble complexes isolated from insulin-stimulated adipocytes with Mg2+ATP (72) . Since insulin receptors could not be detected in these complexes, caveolin must have been phosphorylated by a nonreceptor tyrosine kinase associated with the complexes.
One kinase identified was p59fyn, a member of the cytoplasmic tyrosine kinases of the Src family (72) . Recently, a GPI anchor alone was shown to induce in macrophages a rapid onset of tyrosine phosphorylation of proteins that may be involved in the regulation of the IL-1 a and TNF-a expression (90)-among them, polypeptides of the size of caveolin.
The proteinaceous trypsin/salt-and NEMsensitive component may be embedded in the plasma membrane by means of a transmembrane domain and interact through salt bridges with the transmembrane bridge protein. This interaction, which might guarantee peripheral association of the extracellular PIG-P binding domain of the component with the cell surface upon trypsin cleavage of its membrane anchor, seems to be sufficient for mediating PIG-P action. It may thus form the molecular basis for reconstitution of PIG-P action in trypsin/salt-treated adipocytes upon addition of the trypsin/salt extract. At present, we are trying to identify the bridge protein by examining its putative affinity to the partially purified trypsin/salt-and NEMsensitive component; this requires performing chemical cross-linking with bifunctional photolabile reagents or co-purification using the competition assay. Furthermore, successful reconstitution of PIG-P signaling in a cell-free system consisting of detergent-insoluble complexes, including the trypsin/salt-and NEM-sensitive component and bridge protein(s) in terms of PIG-P-dependent activation of the associated tyrosine kinase(s) and tyrosine phosphorylation of caveolin, would strongly support our present model for PIG(-P) signaling.
With respect to the putative mechanism of competition of the binding of GPI structures to the trypsin/salt-and NEM-sensitive component, the PIG-P derived from Gce Ip of S. cerevisiae may be particularly efficient at interacting with this component and thus at displacing authentic GPI structures from their receptor compared with other PIG structures or complete GPI anchors. We have validated this assumption by establishing a preliminary structure-activity relationship for PIG molecules. The most complex PIG-P compounds containing the tripeptide and the complete core glycan, including the mannose side branch according to the GPI anchor of yeast Gcelp and over 50 variants of less complex structure, have been synthesized chemically and studied for insulin-mimetic activity and binding to the trypsin/salt-and NEM-sensitive component in the competition assay. As far as we know, this effort has provided the first synthetic PIG molecules with proven potent insulin-mimetic activity in vitro (W. Frick, A. Bauer, J. Bauer, S. Wied, G. Muller, unpublished results) . Preliminary data suggest a strict correlation for weakly active PIG-P derivatives between their ability to stimulate lipogenesis in normal adipocytes and to inhibit PIG-P activation of lipogenesis in the presence of excess of trypsin/salt extract. This strongly argues for involvement of the PIG-P binding protein in insulin-mimetic signaling by PIG-P and for the potency of PIG-P.
Taken together, PIG-P seems to harbor all structural determinants required for insulin signaling independent of the insulin receptor kinase by using a trypsin/salt-and NEM-sensitive component that initiates an alternative signaling cascade for triggering tyrosine phosphorylation of IRS-1 and activation of PI 
